Ionizing radiation causes DNA double strand breaks (DSBs), which produce a chromosomal change with the modification of chromatin protein. The histone H2AX is phosphorylated, and phosphorylated H2AX makes a focus. The phosphorylated H2AX focus is regarded as recruiting mediators of repair factors of DNA DSBs. Although most of the initial phosphorylated H2AX foci disappear with the repair of DNA DSBs, a few foci remain, and whether these residual DSBs are correlated with radiosensitivity is not clear. Therefore, we examined the correlation between residual DSBs and cellular radiosensitivity after ionizing radiation. We found that half of the non-irradiated normal cells had a few phosphorylated H2AX foci constantly, and most of the cells irradiated with less than 1% of the colony-forming dose had phosphorylated H2AX foci even 5 days after irradiation. Some tumor cell lines had phosphorylated H2AX foci even under non-irradiated conditions. These results indicate that residual phosphorylated H2AX foci may show loss of colony-forming potential after irradiation in normal cell lines. However, results suggested that there was not a close correlation between residual foci and radiosensitivity in some tumor cell lines, which showed high expression of endogenous phosphorylated H2AX foci. Moreover, micronuclei induced by X-ray irradiation had phosphorylated H2AX foci, but phosphorylated ATM, phosphorylated DNAPKcs, and 53BP1 foci were not co-localized. These results suggest that DNA DSBs may be not a direct cause of micronuclei generation or H2AX phosphorylation. (227 words)
INTRODUCTION
Ionizing radiation causes various DNA lesions such as base damage, DNA-protein cross-links, DNA single-strand breaks and DNA double-strand breaks (DSBs). The DNA DSB is one of the most serious phenomena for cells, because failure to repair this lesion leads to deletion, mutation, genomic instability, cell death and oncogenesis. To avoid the influence of DNA DSBs, a series of highly conserved signal transduction pathways are activated that induce DNA repair and establish cell-cycle checkpoints. 1) DNA DSBs activate the ataxia-telangiectasia mutated (ATM) gene. ATM is a member of the phosphatidylinositol 3-kinase-related protein kinase family, and it phosphorylates many DNA repair, checkpoint and cell cycle regulation proteins, including p53 (Ser15), CHK2 (Thr68) and NBS1 (Ser278, 343).
2) ATM forms a dimer or high-order multimer in cells, and in response to IR, it is activated through intermolecular autophosphorylation at Ser1981 and in the event of dimer dissociation. 3) Histone H2AX is a one of the ATM substrates, and it is immediately phosphorylated at Ser 139 after causing DSBs. 4, 5) Thereafter, the phosphorylated H2AX forms clusters around a DNA double-strand break point and can be visualized as nuclear foci. 4, 6) At this time, many other components of the DNA damage response, including phosphorylated ATM, phosphorylated DNA-PKcs, 53BP1, BRCA1, MDC1, RAD51 and MRE11/RAD50/NBS1 (MRN complex) co-localize with the phosphorylated H2AX foci. 7) Previous research showed that the number of initial foci is correlated with the theoretically calculated number of DSBs induced by IR. 8) These initial foci decrease with the repair of the DNA DSBs. 8, 9) Recently it has been reported that some foci remained for a long time after the cessation of irradiation, 10, 11) within a few hours after irradiation. 12) We recently reported that the presence of phosphorylated H2AX foci did not always indicate residual DSBs.
13) The recent studies suggest that phosphorylated H2AX foci show a chromatin-remodeling factor during DNA repair, [14] [15] [16] and that phosphorylated H2AX foci play an important role during the repair of DNA DSBs.
Phosphorylated H2AX foci are induced not only in response to external damage, including ionizing radiation, but also to replication fork collision. 17, 18) Higher phosphorylated H2AX foci expression was found in some tumor cell lines under non-irradiated conditions, and these foci may signify chromatin instability. 19, 20) In one study, cellular radiosensitivity did not correlate with the initial number of DSBs but it did correlate with non-repaired DSBs. 21, 22) Klokov et al. 23) showed that the percentage of tumor cells with phosphorylated H2AX foci 24 hours after a single or fractionated dose appears to be a useful measure of cellular radiosensitivity that is potentially applicable in the clinic. However, the author of another study reported no correlation between radiation sensitivity and either of the kinetics of disappearance of phosphorylated H2AX foci or in the amounts of residual foci.
24)

MATERIALS AND METHODS
Cell culture and irradiation
Normal human diploid cells (HE49 and BJ cells) and human tumor cells (HeLa; Human cervical cancer cells, HT1299; Human lung carcinoma cells, T24; Human urinary bladder carcinoma cells and U251; Human astrocytoma cells) were cultured in minimal essential Eagle's medium (MEM, Nissui, Tokyo) containing 10% fetal bovine serum in a 95% air/5% CO2 incubator at 37°C. We seeded 1 × 
Colony-forming assay
Immunofluorescence staining
After X-irradiation, for immunofluorescence staining, cells were trypsinized and 3 × 10 4 cells were seeded onto 22 mm × 22 mm coverslips in 35-mm dishes. After 6 to 120 hours of irradiation incubation, cells were washed with cold PBS -. Next cells were fixed with 4% formaldehyde/PBS -for 10 min and permeabilized with 0.5% Triton X-100/PBS -on ice for 5 min. After permeabilization, the cells were incubated for 2 h at 37°C with primary antibody, mouse monoclonal anti-phosphorylated histone H2AX at Ser139 antibody (Upstate Biotechnology, Inc., NY) at a dilution of 1:10000, rabbit monoclonal anti-phosphorylated ATM at Ser 1981 antibody (Rockland, PA) at a dilution of 1:1000, rabbit monoclonal anti-phosphorylated DNA-PKcs at Thr 2609 antibody (Rockland, PA) at a dilution of 1:1000 and rabbit monoclonal anti-53BP1 antibody (Bethyl, TX) at a dilution of 1:1000, in TBS-DT solution (20 mM Tris-HCl, 137 mM NaCl, 0.1% Tween 20, 5% skim milk). After being washed three times with cold PBS -, the cells were incubated for 1 h at 37°C with secondary antibody, Alexa Fluor 488-conjugated goat anti-mouse antibody (Molecular Probes, Inc., OR) and Alexa Fluor 596-conjigated goat anti-rabbit antibody (Molecular Probes, Inc., OR) at a dilution of 1:1000 in TBS-DT solution. The nuclei were counterstained with 4'-6-diamidino-2-phenylindole (DAPI, 10 ng/ml in TBS-DT solution, Molecular Probes, Inc., OR) for 30 min. After being washed three times with PBS -, coverslips were mounted onto slide glasses with 10% glycerol in PBS -. Images were acquired with a fluorescence microscope (Olympus, AX70, Tokyo) and then analyzed with IP Lab software (Scanalytics, Inc., Fairfax, VA). Cells with one focus or more counted as phosphorylated H2AX positive cells.
Micronuclei formation assay
To measure the frequency of micronucleus formation, we used the same slide sample used for immunofluorescencestaining assay. The nuclei, whose diameters were less than 1/3 of that of normal nuclei, were counted as micronuclei, and we calculated micronuclei frequency based on that count.
RESULTS
Lethal sensitivities of normal human cells and human tumor cells
Using the colony-forming method, we examined various cellular X-ray lethal sensibilities. Normal human diploid cells (HE49 and BJ) and human tumor cells (HeLa, U251, T24 and H1299) were irradiated with 1 to 10 Gy of X-rays, and then irradiated cells were incubated for 2 weeks for colony formation. Irradiation of cells with various doses of X-rays resulted in a dose-dependent decline in cell survival ( Fig. 1) . HE49 was the most sensitive cell line, and BJ cells showed slightly more resistance than did HE49 cells against X-ray irradiation. All tumor cells showed high resistance compared with normal cells, with U251 showing the most resistance. Figure 2 shows photographs of Immunofluorescent staining of phosphorylated H2AX foci in several human cells. Upper six are photographs of non-irradiated cells (A-F), and under 6 are photographs of irradiated cells (G-L). Normal cells (G and H) were irradiated with 6 Gy of X-rays and cancer cells (I-L) were irradiated with 10 Gy of X-rays. After irradiation, cells were cultured on coverslips for 5 days before immunostaining. Even 5 days after irradiation, in all cells phosphorylated H2AX foci were remained. Surprisingly, some of the non-irradiated cells (HE49, HeLa, H1299 and T24) also had many foci (Fig. 2) . Residual foci after irradiation were larger in diameter than it in non-irradiated cell. Result suggested that radiation induced phosphorylated H2AX foci in normal human HE49, BJ and H1299 cells become large in size with increasing time after irradiation, but in HeLa and T24 cells did not (Fig. 2) . Enlarged photography of phosphorylated H2AX focus of HE49 and BJ cells clearly show that large focus is aggregate of several small foci ( Fig. 2 M and N) .
Immunofluorescence staining of phosphorylated H2AX foci
Kinetics of cells with phosphorylated H2AX foci after X-ray irradiation
We examined the number of phosphorylated H2AX foci in non-irradiated cells and in cells after 120 hours of 6-Gy irradiation. Sixty percent of non-irradiated HE49 and HeLa cells did not have phosphorylated H2AX foci (Fig. 3A, B) . At 120 hours after irradiation with 6 Gy of X-rays, although most of the HE49 cells had at least one focus, over 40% of the HeLa cells did not have foci ( Fig. 3C and D) . HE49 cells irradiated with 6 Gy of X-rays had low colony-forming potential, as cell division had stopped in most of the cells (Fig. 1) . On the other hand, 10% of HeLa cells irradiated with 6 Gy of X-rays had colony-forming potential, and surviving cells had few foci (Fig. 1, 4) . We concluded that the cells with residual foci had lost their colony-forming potential, and it is possible that residual phosphorylated H2AX foci were correlated with colony-forming potential.
We next observed the kinetics of cells with phosphorylated H2AX foci after X-ray irradiation. HE49 and HeLa cells were irradiated with several doses and then they were incubated for 6 to 120 hours. We counted the cells with phosphorylated H2AX foci and found that the ratio of cells with phosphorylated H2AX foci quickly decreased to the level of non-irradiated cells as the post-irradiation incubation time increased (Fig. 4) . However, HE49 cells, after 4 . Kinetics of cells with phosphorylated H2AX foci after irradiation. Exponentially growing cells were irradiated with various doses of X-rays and then cultured on coverslips. At least 1,000 cells were counted for each sample, and the mean value and SD value were calculated from three independent cultures. (A) HE49, (B) HeLa irradiation with 6 Gy of X-rays, and HeLa cells, after irradiation with 10 Gy (surviving fractions were less than 1% in both cell lines) had mostly phosphorylated H2AX foci (Fig. 4) . Five days after irradiation, ratio of the cells with phosphorylated H2AX foci decreased to non-irradiated conditions, so we observed cells with phosphorylated H2AX foci 5 days after irradiation.
Effects of endogenous phosphorylated H2AX foci to cellular growth
To investigate correlation between presence of endogenous phosphorylated H2AX foci and cellular growth characteristics, we measured cell plating efficiencies and cellular doubling time of exponentially growing cells. As the results, six cells showed various plating efficiencies. Two normal cells showed less than 50%, on the other hand, four tumor cells showed high plating efficiencies (78-91%). H1299 showed a little lower than other three tumor cell lines (Table 1 ). There were no correlation between plating efficiencies and frequencies of cells with endogenous phosphorylated H2AX foci. Cell population doubling times were different among six cell lines (Table 1) . Two normal cells showed longer doubling times than four tumor cells. BJ cells showed the longest and U251 showed the shortest doubling time. But there were no correlation between cellular doubling time and frequencies of cells with endogenous phosphorylated H2AX foci. HE49 and BJ showed similar results in three parameters, but four tumor cells showed their own characteristics. 
Dynamics of micronuclei induction after irradiation
Although residual DSBs after ionizing radiation cause micronuclei, it was reported that most DNA DSBs were repaired within a few hours, 12) so it is difficult to believe that all these cells had DNA DSBs. According to some authors, residual DSBs were correlated with cell surviving fractions. 21, 22) Therefore, we examined whether frequencies of cells with micronuclei were correlated with surviving fractions. We irradiated HE49 and HeLa cells with 6 Gy of X-rays and then incubated the cells for 6 to 120 hours and counted the number of cells with micronuclei. The frequencies of micronuclei increased up to 3 days after irradiation in HE49 and HeLa cells, and the maximum frequency of micronuclei was less than 20% in both types of cells (Fig. 6 ). HE49 and HeLa cells showed the same maximum frequencies of micronuclei formation, but they did not show the same surviving fractions, so these factors did not correlate.
Interaction of phosphorylated H2AX foci to signal transduction mediators
To investigate whether phosphorylated H2AX foci show only DSBs, we next observed phosphorylated H2AX foci co-localized with phosphorylated ATM foci in micronuclei. Cells were stained 3 days after irradiation with 6 Gy of Xrays, which was the time at which the maximum frequency was observed after X-ray irradiation. We observed that 90% and 70% of micronuclei had phosphorylated H2AX foci but only 10% and 20% of micronuclei had phosphorylated ATM foci in HE49 and HeLa cells, respectively (Table 2) . Micronuclei with only phosphorylated ATM foci were not observed in either of HE49 or HeLa cells. We next observed whether phosphorylated DNA-PKcs and 53BP1 foci were co-localized with phosphorylated H2AX foci in micronuclei. We found that most of the phosphorylated H2AX foci in micronuclei did not co-localize with phosphorylated DNAPKcs or 53BP1 foci (Fig. 7) . These results indicated that most of the micronuclei induced by X-rays did not contain DNA DSBs and that phosphorylated H2AX showed the exceptional DSBs.
The results suggested that the quality of residual phosphorylated H2AX was closely correlated with lethal sensitivity in normal human cells, but not in cancer cells. It is possible that micronuclei induced by ionizing radiation did not contain DNA DSBs and phosphorylated H2AX showed chromatin alteration caused after DNA repair.
DISCUSSION
That phosphorylation of histone H2AX is caused by DNA DSBs was shown by the fact that the number of phosphorylated H2AX foci was related to the number of expected DNA DSBs. 8) In addition, a portion of foci remains for a long time after irradiation. 10, 11) Our results were basically consistent with the contents of these reports. Our results in HE49 and HeLa cells suggest that there is a close correlation between the surviving fraction and the amount of residual phosphorylated H2AX foci. This result is consistent with the results of previous reports that residual foci are correlated with the surviving fraction. [17] [18] [19] [20] BJ cells, an example of Fig. 6 . Frequencies of micronuclei in HE49 and HeLa cells after 6-Gy irradiation. Exponentially growing cells were irradiated with various doses of X-rays and then cultured on coverslips for 6 to 120 hours. At least 1,000 cells were counted for each sample, and the mean value and SD values were calculated from three independent cultures. Table 2 . Frequency of micronuclei with foci after X-ray irradiation. Exponentially growing cells were irradiated with 6 Gy of Xrays and then cultured on coverslips for 72 hours, followed by immunofluorescence staining for phosphorylated H2AX and phosphorylated ATM, phosphorylated DNA-PKcs or 53BP1. Total number of micronuclei was set of 100%. Average percentage from three independent experiments is shown. Data were obtained from more than 2,000 cells in each experiment.
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Fig. 7. Immunofluorescence staining of HE49 (A, C, E) and HeLa cells (B, D, F)
. Exponentially growing cells were irradiated with 6 Gy of X-rays and then cultured on coverslips for 72 hours, followed by immunofluorescence staining for phosphorylated H2AX (green) and phosphorylated ATM, phosphorylated DNA-PKcs or 53BP1 (red). Nuclei were counterstained with DAPI (blue). Scale bars show 10 μ m in length.
human normal diploid cells, showed the same results as were observed in HE49 cells (Fig. 5) . As expected, surviving fractions were correlated with the percentage of cells with phosphorylated H2AX foci (Fig. 5A) . However, the conclusions drawn about HE49, BJ and HeLa cells did not fit the three tumor cell lines we tested, namely U251, H1299 and T24 cells (Fig. 5) . Surprisingly, these cells had a lot of phosphorylated H2AX foci even under non-irradiated condition (Fig. 2, 5) . Previous studies have shown that cells have endogenous phosphorylated H2AX foci. [17] [18] [19] [20] In tumor cell lines, because some of the cells have high level of endogenous phosphorylation of H2AX, 23) it is likely that surviving fraction and residual phosphorylated H2AX foci would not have a correlation (Fig. 4, 5) . The fact that the number of phosphorylated H2AX foci or percentage of cells with these foci is correlated with the surviving fraction is the main finding of one past report. 24) Recently, Mahrhofer et al. 25) reported the similar to our and stated that phosphorylated H2AX and clonogenic survival had no correlation in some cells.
Several reports suggested that residual large phosphorylated H2AX foci are reason of cell death. 13, 26) However, the relationship between survival rate and number of phosphorylated H2AX foci was almost same in both HE cells and HeLa cells (Fig. 5) . This suggests that size of residual phosphorylated H2AX foci is not a factor to decide survival rate. Unfortunately, we cannot explain why phosphorylated H2AX foci induced by radiation becomes large in size. This suggests that there are cell which focus becomes large and cell, which do not become large after irradiation.
We investigated cellular basal characteristics, plating efficiencies and cellular doubling time (Table 1) . Two normal cells showed low plating efficiencies and long cellular doubling time. On the other hand, four tumor cells showed various characteristics, there was no correlation with frequencies of cells with endogenous phosphorylated H2AX foci with cellular doubling time or plating efficiencies (Table 1) . It is possibility that these endogenous phosphorylation of H2AX foci were not induced by replication stress. Three tumor cells (U251, H1299 and T24) showed more resistance against X-irradiation than normal cells and these cells had high endogenous phosphorylated H2AX foci. It was reported that phosphorylated H2AX play an anchor of proteins which work DNA damage repair. 27) So it is possibility that high expression of endogenous phosphorylated H2AX foci show constant activation of DNA damage repair function. Soutoglou et al. 28) recently reported that DNA damage response is activated without DNA lesions. We hypothesized that high endogenous phosphorylated H2AX foci is one of factor of high cellular radioresistance in some tumor cells.
We next investigated whether the surviving fraction was correlated with the frequency of cells with micronuclei. In both HE49 and HeLa cells, 15% of cells had micronuclei 3 days after irradiation with 6 Gy of X-rays (Fig. 6) . However, the lethal sensitivities of HE49 and HeLa cells differed (Fig. 1) , observed results indicate that there is no correlation between frequency of micronuclei and lethal sensitivity. These results indicate that the frequencies of micronuclei are not a good marker of cell radiosensitivity. Furthermore, there was no correlation between frequency of micronuclei induction and H2AX phosphorylation in cells that were irradiated with 6 Gy of X-rays (Fig. 2) . At 5 days after 6 Gy irradiation with X-rays, H2AX foci were found in over 90% of normal human cells, but they were found in only 60% of HeLa cells. However, we found no difference in frequencies or induction kinetics of micronuclei between HE49 cells and HeLa cells.
We next sought to determine whether a trace of DNA DSBs was left in a part of the micronuclei. If micronuclei were derived from DSBs, several components of DSBs may gather in a part of the micronuclei as foci in response to strand breaks. In our results, phosphorylated H2AX foci appeared in most of micronuclei induced by X-ray irradiation, on the other hand, phosphorylated ATM foci colocalized in less than 20% of micronuclei (Fig. 7, Table 2 ), and phosphorylated DNA-PKcs and 53BP1 foci were observed in only a few micronuclei (Fig. 7, Table 2 ). Because it has been reported that phosphorylated ATM, phosphorylated DNA-PKcs and 53BP1 foci co-localized with phosphorylated H2AX foci after DNA DSBs, these foci were used as a good marker of DNA DSBs. 7) Other authors have reported that phosphorylated H2AX foci appeared in the rejoined position of broken chromosomes, where chromatin remodeling is processed after the repair of DNA DSBs. [13] [14] [15] [16] These results strongly suggest that phosphorylation of H2AX was produced by chromatin structural change, not DNA DSBs.
We concluded that residual phosphorylated H2AX foci show a loss of colony-forming potential after irradiation and that residual phosphorylated H2AX is closely correlated with lethal sensitivity in normal human cells and HeLa cells. Unfortunately, however, there seems to be no close correlation between residual phosphorylated H2AX foci and colonyforming potential in some tumor cells (U251, H1299 and T24). These results suggest that we can use residual phosphorylated H2AX foci after irradiation to know the radiosensitivity in normal human cells but not to determine the radiosensitivity of some tumor cell lines. Moreover, high endogenous phosphorylated H2AX foci may be one of factor of radio resistance in some tumor cells from constant DNA damage repair function.
We also conclude that, micronuclei induced by X-ray irradiation had only phosphorylated H2AX foci, which did not co-localize with phosphorylated ATM, phosphorylated DNA-PKcs or 53BP1 foci. Our test results were direct evidence that micronuclei did not contain DNA DSBs and phosphorylated H2AX foci did not always show DNA DSBs. We hypothesized that phosphorylated H2AX foci were induced not only by DNA DSBs and replication stress but also other factors causing chromatin structure alteration remaining after DNA DSBs were repaired.
